Abstract. The spatial organization of the Earth's land mass is analyzed using a simulated topological network (STN-30p) representing potential flow pathways across the entire nonglacierized surface of the globe at 30-min (longitude x latitude) spatial resolution. We discuss a semiautomated procedure to develop this topology combining digital elevation models and manual network editing. STN-30p was verified against several independent sources including map products and drainage basin statistics, although we found substantial inconsistency within the extant literature itself. A broad suite of diagnostics is offered that quantitatively describes individual grid cells, river segments, and complete drainage systems spanning orders 1 through 6 based on the Strahler classification scheme. Continental and global-scale summaries of key STN-30p attributes are given. Summaries are also presented which distinguish basins that potentially deliver discharge to an ocean (exorheic) from those that potentially empty into an internal receiving body (endorheic). A total of 59,122 individual grid cells constitutes the global nonglacierized land mass. At 30-min spatial resolution, the cells are organized into 33,251 distinct river segments which der'me 6152 drainage basins. A global total of 133.1 x 106 km 2 bear STN-30p flow paths with a total length of 3.24 x 106 km. The organization of river networks has an important role in linking land mass to ocean. From a continental perspective, low-order river segments (orders 1-3) drain the largest fraction of land (90%) and thus constitute a primary source area for runoff and constituents. From an oceanic perspective, however, the small number (n= 101) of large drainage systems (orders 4-6) predominates; draining 65% of global land area and subsuming a large fraction of the otherwise spatially remote low-order rivers. Along river corridors, only 10% of land mass is within 100 km of a coastline, 25% is within 250 km, and 50% is within 750 km. The global mean distance to river mouth is 1050 km with individual continental values from 460 to 1340 km. The Mediterranean/Black Sea and Arctic Ocean are the most land-dominated of all oceans with land:ocean area ratios of 4.4 and 1.2, respectively; remaining oceans show ratios from 0.55 to 0.13. We discuss limitations of the STN-30p together with its potential role in future global change studies. STN-30p is geographically linked to several hundred river discharge and chemistry monitoring stations to provide a framework for calibrating and validating macroscale hydrology and biogeochemical flux models.
Introduction
The land-based water cycle is an integral part of the Earth system, helping to regulate land-atmosphere interactions, the productivity and biogeochemistry of the terrestrial biosphere, and
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0886-6236/00/1999GB900092512.00 the long-term dynamics of the geologic cycle. The drainage basin is a natural organizing framework through which distinct elements of the terrestrial water cycle can be analyzed. Watershed analysis, carried out over well-circumscribed landscapes, has served as the foundation for our current understanding of process-level hydrology at the local scale. Also, as demonstrated through previous climate. We emphasize that our analysis is specific to the 30-min spatial scale and that some of the derived statistics could change substantially as a function of grid resolution. The STN-30p data set complements recently developed digital river networks [Graham et al., 1999; Oki andSud, 1998 ] with global coverage, including an emerging high-resolution 1-km data set (see
HYDRO1K:
Elevation derivative database available at http://edcwww.cr.usgs.gov/landdaac/gtopo30/hydro/index.html).
Division of Continental Land Mass

Potential Versus Active River Networks
The primary networking scheme described in this paper represents a potential river system topology, under which essentially all land-based grid cells are assigned a directionality with respect to horizontal transport and organized into individual drainage basins. Exceptions to this rule are individual grid cells representing the endpoints of major land-locked drainage systems. In addition, Antarctica, Greenland, portions of the Canadian Arctic Archipelago, and other major glacierized areas have not been considered here. STN-30p provides a pathway for the transport of river water across any remaining portion of the globe should sufficient runoff be made available. Thus STN-30p specifies river networks across dry regions, where no contemporary river discharge nor active channel networks exist today, but whose underlying topography shows no apparent reason for significant water storage on land. River networks in STN-30p also include flow pathways through large inland water bodies such as the Great Lakes.
Runoff and river discharge ultimately control the connection of continental land mass to the world's oceans. Since the availability of runoff is dynamic over both historical and geological timescales [e.g., Hartmann, 1994] , it would be desirable to generate a fully evolvable topological structure including the time-varying nature of rivers and lakes [Coe, 1997 [Coe, , 1998 ]. Although this is beyond the scope of our work here, major endpoints along the continuum of runoff availability and associated extent of actively discharging river systems can be simulated using current capabilities. STN-30p represents the first such endpoint under which the fundamental character of its potential river networks is controlled by topography. The second endpoint represents contemporary, actively discharging river networks (STN-30ac). We applied a 3 mm yr 4 threshold for runoff above which river systems are assumed to maintain perennial channels. This threshold was obtained from [Meybeck, 1995] and confirmed through inspection of nearly 1000 discharge time series given by VOrOsmarty et al. [1996b, 1998a] . STN-30ac is effectively a subset of the STN-30p potential networking scheme, transformed by contemporary climate and the spatial distribution of present-day runoff. We apply the STN-30ac briefly in the context of network verification as described in section 3.
Classification of Landmass Into Exorheic and Endorheic
Zones
The fundamental structure of the STN-30p is defined by potential flow pathways that empty to either an ocean or inland receiving body. The majority of STN-30p flow pathways connect the interior of the continents to one of four oceans (i.e., Arctic, Atlantic, Pacific, or Indian) or the Mediterranean/Black Sea. These STN-30p river networks and associated drainage basins are classified as exorheic and will be used later in section 4.2 to derive ocean basin summary statistics for presently active as well as dry river systems like those throughout much of the Sahara. An additional set of river systems is classified as endorheic, representing major land-locked receiving waters (e.g., Caspian and Aral Seas, Great Salt Lake, Lake Chad, and Lake Titicaca) and large topographic depressions located in extremely dry regions (e.g., Altiplano in the Andes, Takla Makan in western China). Within each exorheic or endorheic basin, STN-30p depicts potential flow paths plus the location of a single river mouth.
We recognize that long-term changes in the structure of river systems are linked to the availability of water and hence the spatial characteristics of climate. Our purpose here is to identify endorheic basins and their associated receiving bodies under a contemporary or near-contemporary condition, namely climate spanning the recent past as well as the next several decades.
Network Construction
Initial Network Configuration
The University of New Hampshire -Global Hydrological Archive and Analysis System (UNH-GHAAS) provided the Geographic Information System (GIS) framework for this study. The Simulated Topological Network for potential flow pathways is a global data set derived initially from spatial aggregation to Flow directions into each cell were assigned as single line links from adjacent upstream pixels. Each directed link was given one of eight compass directions (N, NE, E, SE, S, SW, W, or NW) [Burrough, 1986] . A single direction of exit was assigned to each cell; inputs could be from any or all of the remaining directions.
30-min (longitude x latitude) of the Global Gridded Elevation and
The initial directionality yielded numerous inconsistencies with respect to the location of stream lines in nature, reflecting wellknown limitations of the ETOPO5 data set [.lenson, 1991; Band and Moore, 1995; Hagemann and Damenil, 1998; Oki and Sud, 1998 ]. Further, many of the river networks were stranded in artificial pits, even along well-established river courses. In addition, the land-ocean interface along complex coastlines was sometimes difficult to establish using the automated procedures at 30-min spatial resolution.
To overcome these inconsistencies, the GHAAS was employed to manually reconfigure the network structure and to ensure that simulated river courses adhered to those depicted by a set independent map sources. These included several atlases [Bartholemew et al., 1988 [Bartholemew et al., , 1994 Strahler [1964 Strahler [ , 1957 and assigned to individual interior links where each link is defined as a single linear pathway connecting an adjacent pair of grid cells. An ordered river segment is defined as an individual set of contiguous, linked grid cells having identical order. The linkage of individual grid cells in STN-30p permits ordered searches to be performed on any river system and attributes to be derived for subbasins associated with any point in the topological structure. This facility was used to determine for each drainage basin: (1) the order of mainstem, (2) the basin area, and (3) the length of mainstem. We also computed length to river mouth for all interior grid cells.
All grid cell areas were computed as a function of latitude (3091 km 2 at the equator, 2176 km 2 at 45ø). The mainstem river was identified using an upstream search procedure guided by the maximum in calculated drainage area whenever alternative upstream flow pathways were encountered. The downstream endpoint of the highest-order river segment defines the order of a drainage basin as well as the position of its basin mouth. One estimate of basin length simply assigned the length of the mainstem river course. A second method assigned the single longest flow pathway within each STN-30p drainage basin. All length-related computations accounted for both latitude and curvature of the Earth but not for fine-scale sinuosity. Glacierized land mass was removed from the STN-30p based on inspection of the map sources listed above (section 3.1).
Verification of Networks and Additional Correction Procedures
In addition to the error-checking procedures applied during initial network configuration, a subsequent verification was based The range in estimates of basin area is given below for several individual river systems as reported in the GEMS/GLORI data set [Meybeck and Ragu, 1995, 1997] . These examples represent a subset of all basins for which duplicate entries exist, ranked by STN-30p area. All entries below show disparities in excess of 20%. The numbers in parentheses offer likely reasons for the apparent disparitiCg among reported areas. (1) Problem in defining limit of estuary; (2) nondischarging portions of basin not consistently included in total area; (3) lower river course is unstable or artificial; and (4) incorrect entry in GEMS/GLORI. *Although this computed rahge is calculated on the minimum and maximum reported areas in GEMS/GLORI, the Meybeck and Ragu [ 1995, 1997] The spatial extent of each continent is defined in Figure 4a . The total land area is given in 10 6 l•l 2.
Basin area comparisons. Potential drainage basin areas in STN-
*Global totals for STN-30p do not include several small islands.
*Bartholomew et al. [1994, 1988] . (133 x 10 6 km 2) of the Earth's total land surface (148 x 10 6 km 2)
is nonglacierized and capable of discharging runoff through river networks (Table 2a, Sinuosity contributes additional length that the STN-30p does not currently reflect and produces apparent underestimates relative to published sources. In areas known to be dominated by river meanders, the potential bias can be large. For example, in the Amazon River, STN-30p accounts for 70% of reported maximum length. Despite such disparity, suitable coefficients in river The range in estimates of maximum river length is given below for several individual river systems as reported in the GEMS/ GLORI data set [Meybeck and Ragu, 1995, 1997 STN-30p also yields overestimates of length compared to GEMS/GLORI. Since STN-30p is limited only by the topographic properties of individual basins, it will tabulate lengths even across nondischarging portions of a drainage basin. Thus, STN-30p typically will yield greater values for basin length compared to GEMS/GLORI, especially in dry regions, whenever GEMS/GLORI presents river length based on the area actively Contributing runoff.
As with reported areas, differences in river length between GEMS/GLORI and STN-30p should be viewed in light of the several irregularities apparent in the literature from which the GEMS/GLORI database was developed (Table 3) (Table 6a) . Across individual continents, however, the relative importance of internal basins varies greatly. In Australasia and Asia, for example, endorheism is quantitatively very important in defining the character of the land mass. These continents have the greatest proportion of inland drainage areas, 28 and 20%, respectively (Table 6d) . Europe also has a relatively high proportion of endorheic area (19%) owing to inclusion of the Volga basin which empties into the Caspian Sea. 2  260  227  220  221  214  278  231  3  584  553  554  531  512  580  549  4  1316  1290  984  1372  1188  1535  1296  5  2846  2951  1378  1630  2767  3072  2641  6  -4387  ---4327 Table 6c can also be viewed from the standpoint of potential continental source areas draining to individual oceans. Table 6e Individual entries represent % of each receiving body's entire potential drainage system. 
Reconciling Continental and Oceanic Perspectives
The organization of the Earth's land mass by STN-30p into large river systems has an important effect on the manner in which remote landscape units are connected to inland and coastal receiving waters. Although large watersheds of orders 3 through 6 are less prominent in terms of frequency (366 out of the global total of 6152), they drain the largest proportion of continental land mass, 102 x 106 km 2 or 76% of the total nongl.acierized land mass (Table 4 [ We have adopted the notion of a topographically controlled river networking system throughout this paper, and the description of rivers at the global scale refers to the set of both flowing rivers and nonflowing rivers under contemporary climate. Except for the large endorheic depressions, the entire set of flow pathways at 30-min spatial resolution represents a potential river networking system for the entire land mass of the Earth. In this way, the potential river networking in STN-30p provides a flexible framework for large-scale modeling studies. For example, STN-30p can be used in conjunction with general circulation model (GCM) climate change scenarios to simulate the reestablishment of discharge to the ocean from a currently arid region should a sustained increase in precipitation (and hence runoff) be predicted to occur. STN-30p has limitations which we highlighted throughout the text. We have highest confidence in the depiction by STN-30p of large river systems ( > 25,000 km2). We also believe that compos- We offer free and unrestricted access to the STN-30p to all interested parties who contact us at the corresponding address or through http://www.watsys.unh.edu/.
